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Most central neurons in the mammalian brain possess an append-
age called a primary cilium that projects from the soma into the
extracellular space. The importance of these organelles is high-
lighted by the fact that primary cilia dysfunction is associated with
numerous neuropathologies, including hyperphagia-induced obe-
sity, hypogonadism, and learning and memory deficits. Neuronal
cilia are enriched for signaling molecules, including certain G pro-
tein-coupled receptors (GPCRs), suggesting that neuronal cilia
sense and respond to neuromodulators in the extracellular space.
However, the impact of cilia on signaling to central neurons has
never been demonstrated. Here, we show that the kisspeptin re-
ceptor (Kiss1r), a GPCR that is activated by kisspeptin to regulate
the onset of puberty and adult reproductive function, is enriched
in cilia projecting from mouse gonadotropin-releasing hormone
(GnRH) neurons. Interestingly, GnRH neurons in adult animals
are multiciliated and the percentage of GnRH neurons possessing
multiple Kiss1r-positive cilia increases during postnatal develop-
ment in a progression that correlates with sexual maturation. Re-
markably, disruption of cilia selectively on GnRH neurons leads to
a significant reduction in kisspeptin-mediated GnRH neuronal ac-
tivity. To our knowledge, this result is the first demonstration of
cilia disruption affecting central neuronal activity and highlights
the importance of cilia for proper GPCR signaling.
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Primary cilia are typically solitary nonmotile appendages that
project from nearly every cell type in the mammalian body
(1). They are specialized sensory organelles that incorporate
a myriad of extracellular stimuli into signal transduction path-
ways to modulate cell physiology (2-4). Consequently, ciliary
dysfunction can result in numerous human diseases, termed cil-
iopathies, which impact many organ systems (5). Ciliopathies are
associated with certain neuropathologies, including structural mal-
formations, hyperphagia-induced obesity, intellectual disability, and
hypogonadism, thereby highlighting the importance of cilia for
proper CNS development and function (3).

Most adult neurons in the mammalian brain possess a primary
cilium that projects from its cell body. Specific signaling proteins
are selectively targeted to and retained within neuronal cilia,
which are restricted compartments and regulate entry and exit of
proteins through multiple mechanisms (6, 7). These signaling
proteins include type 3 adenylyl cyclase (AC3) (8), which con-
verts ATP to cAMP, and the GPCRs, somatostatin receptor 3
(Sstr3) (9), serotonin receptor 6 (10, 11), melanin-concentrating
hormone receptor 1 (Mchrl) (12, 13), dopamine receptor 1 (14),
and neuropeptide Y receptors 2 and 5 (15). The functions of
primary cilia are determined by the proteins that are enriched
within them, thus, it is likely that neuronal cilia sense neuro-
modulators in the extracellular milieu and initiate signaling cas-
cades. However, the precise roles of neuronal cilia remain unknown.
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Identification of signaling proteins that are selectively targeted
to neuronal cilia is a critical step in elucidating the functions of
these organelles. We previously identified ciliary localization
sequences in the third intracellular loop and carboxy tail of cil-
iary GPCRs and used these sequences to predict novel ciliary
GPCRs (12, 14). One of these, the kisspeptin receptor (Kisslr,
also known as GPR54), was considered a strong candidate ciliary
GPCR given that loss of Kisslr leads to hypogonadotropic hypo-
gonadism in humans and mice (16, 17) and hypogonadotropic hy-
pogonadism is a feature of the ciliopathy Bardet-Biedl syndrome
(18). Kisslr is expressed in a large proportion of gonadotropin-
releasing hormone (GnRH) neurons (19), a population of hypo-
thalamic neurons that are central effectors driving the neuroen-
docrine reproductive axis. Treatment of Kisslr-expressing GnRH
neurons with kisspeptin increases the firing rate of the GnRH
neurons and augments GnRH secretion. GnRH stimulates lutei-
nizing hormone and follicle-stimulating hormone secretion, which
in turn initiates puberty and supports adult sexual function.

Here, we show that Kisslr is enriched in primary cilia on GnRH
neurons in the mouse. Notably, GnRH neurons can possess mul-
tiple Kisslr-positive cilia and the proportion of multiciliated GnRH
neurons increases in parallel with sexual maturation. We also show
that cilia are required for proper Kiss1r-mediated signaling on
GnRH neurons. These results provide insight into the mechanism
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Mammalian central neurons typically possess solitary appen-
dages called primary cilia. These rod-shaped protrusions are
enriched for signaling proteins, suggesting they respond to
extracellular neuromodulators. Yet, neuronal ciliary signaling
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a key role in reproductive function, as a novel ciliary receptor
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ever, kisspeptin-mediated increases in GnRH neuron firing rate
are reduced in the absence of cilia. Thus, cilia enhance Kiss1r
signaling on GnRH neurons.
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Fig. 1. Kiss1r localizes to primary cilia in vitro and in vivo. (A-C) Represen-
tative image of transiently transfected IMCD cells expressing Kiss1r fused at
the C terminus to EGFP. (A) EGFP fluorescence (green) shows expression of
Kiss1r. (B) Acetylated a-tubulin (AcTub; red) marks the cilia. (C) Merged im-
age. (D-F) Representative image of the medial hypothalamus in adult GnRH::
GFP mice. (D) GFP fluorescence (green) indicates a GnRH neuron. (E) Labeling
for Kiss1r (red) shows the presence of multiple Kiss1r-positive cilia. (F) Merged
image. (G) 3D rendering of the same neuron confirms the cilia project from
the same cell. Nuclei are stained with DRAQ5 (blue). (Scale bars: 10 um.)

of Kisslr signaling and demonstrate that loss of cilia on central
neurons impairs neuronal signaling.

Results

Kiss1r Localizes to Cilia. To test whether Kisslr localizes to cilia,
a construct encoding mouse Kiss1r fused at the carboxy-terminus
to EGFP was expressed in inner medullary collecting duct (IMCD)
cells. We have previously shown that ciliary GPCRs selectively
localize to cilia when expressed in IMCD cells (12, 14). Notably,
Kiss1r localized to cilia on IMCD cells (Fig. 1 A-C). We then
tested whether Kisslr localizes to neuronal cilia in tissue by labeling
mouse brain slices with a custom antibody generated against Kiss1r.
The specificity of the antibody was confirmed by immunofluores-
cence and immunoblotting (Fig. S1). In the mouse brain there are
only ~800 GnRH neurons, which are widely dispersed across the
medial hypothalamus and basal forebrain (20). To facilitate iden-
tification of GnRH neurons we labeled brain slices from adult male
and female transgenic mice expressing GFP under the control of the
GnRH promoter (GnRH::GFP) (21). Interestingly, the majority of
GnRH neurons in both male and female brains possessed Kisslr-
positive cilia, with some neurons possessing multiple Kisslr-positive
cilia (Fig. 1 D-G). Analysis of 3D renderings of GnRH neurons and
colabeling for rootletin, which marks the ciliary base in neurons
(22), confirmed that the Kisslr-positive cilia were projecting from
the same neuron (Fig. S2 A-D and Movies S1-S5).

The presence of cilia on GnRH neurons was previously re-
ported in several electron microscopy studies (23-25), with one
study noting the presence of up to three cilia on some GnRH
neurons (23). Nevertheless, we decided to confirm that Kisslr
was localizing to cilia on GnRH neurons. However, labeling with
antibodies against proteins known to be enriched in neuronal
cilia (i.e., AC3, Sstr3, Mchrl, and Arl13b (26)) failed to label
cilia on GnRH neurons (Fig. S2E). To address this limitation, we
generated brain slices from Cilia®"* mice, which are transgenic
mice expressing Sstr3 fused to EGFP (27). Sstr3::EGFP is
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efficiently targeted to cilia across cell types and Cilia®™" mice

provide a powerful tool for visualizing cilia in vivo or in vitro.
Labeling sections from the medial hypothalamus of Cilia®™®
brains with an antibody against GnRH revealed the presence of
GnRH neurons projecting one or more GFP-positive cilia (Fig. 2
A-C). Moreover, labeling of corresponding sections with the
Kisslr antibody confirmed a subset of Sstr3::EGFP expressing
cilia were positive for Kiss1r (Fig. 2 D-F). Multiple cilia were not
detected on any surrounding non-GnRH neurons (Table S1),
which is consistent with previous studies of neuronal cilia fre-
quency (28-31) and suggests the presence of multiple cilia on
central neurons is rare. Together, our results verify that GnRH
neurons can be multiciliated and demonstrate that Kisslr is se-
lectively targeted to cilia on GnRH neurons.

Kiss1r Multiciliation Increases Over Development. Given the im-
portant role of Kiss1r in sexual development, we tested whether
Kisslr ciliary localization is developmentally regulated. Brain
slices of male and female GnRH::GFP mice from PO to P60 were
labeled for Kisslr and the percentage of GnRH neurons pos-
sessing Kisslr-positive cilia was quantified. The percentage of
GnRH neurons displaying at least one Kiss1r-positive cilium was
~75% in both sexes at birth and did not change significantly
during postnatal development (Fig. 34). However, quantifying
the percentage of GnRH neurons possessing more than one Kiss1r-
positive cilium revealed that the frequency of multiciliated GnRH
neurons significantly increased during postnatal development (Fig.
3B). At birth, ~10% of ciliated GnRH neurons in male and female
mice possessed more than one Kisslr-positive cilium but by P60
the percentages in male and female mice were 42% and 35%,
respectively. This result indicates that the frequency of GnRH
neurons possessing multiple Kiss1r-positive cilia increases during
postnatal development in parallel with sexual maturation.

GnRH Neuronal Cilia are not Essential for Sexual Maturation. As
Kisslr is enriched in cilia and the proportion of neurons with
multiple Kisslr-positive cilia increases during development, we
next asked whether GnRH neuronal cilia are required for proper
sexual maturation in mice. To selectively ablate cilia on GnRH
neurons, mice carrying a conditional allele of /ft88 (32), which
encodes an intraflagellar transport protein and is required for
the formation and maintenance of neuronal cilia (32-34), were

Fig. 2. GnRH neurons possess cilia that are positive for Kiss1r. (A-C) Rep-
resentative image of the medial hypothalamus in adult Cilia®™ mice. (A)
EGFP fluorescence (green) shows Sstr3 expression and ciliary localization. (B)
Labeling for GnRH (red) indicates GnRH neurons. (C) Merged image confirms
GNnRH neurons are ciliated. (D-F) Representative image of the medial hy-
pothalamus in adult Cilia®™ mice. (D) EGFP fluorescence (green) shows Sstr3
expression and ciliary localization. (E) Labeling for Kiss1r (red) confirms
Kiss1r ciliary localization. (F) Merged image. Nuclei are stained with DRAQ5
(blue). (Scale bars: 10 um.)
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Fig. 3. Quantification of GnRH cilia. (A) Percentage of GnRH neurons with
one or more Kiss1r-positive cilia in the medial hypothalamus of PO-P60 male
and female GnRH::GFP mice (n = 4 animals of each sex at all ages, with the
exception of PO, n = 3). Note the percentages do not vary significantly be-
tween ages or sexes. (B) Percentage of ciliated GnRH neurons with more
than one Kiss1r-positive cilium in the medial hypothalamus of P0-P60 male
and female GnRH::GFP mice (n = 4 animals of each sex at all ages, with the
exception of PO, n = 3). Note the proportion of multiciliated GnRH neurons
increases significantly between PO and P60. ®Significantly different from PO
(P < 0.01). bsignificantly different from PO (P < 0.001). “Significantly different
from P5 (P < 0.01). dSignificantly different from P5 (P < 0.001). (C) Percent-
age of GnRH neurons with one or more Kiss1r-positive cilia in the medial
hypothalamus of P60 male GnRH:GFP, GnRH"®*, and GnRH"®" mice (n = 3-4
animals for each genotype). Note there is no difference in the percentage of
Kiss1r-positive cilia between GnRH:GFP and GnRH"@* mice, but Kiss1r-positive
cilia are completely lacking in GnRH"™ mice. (D) Number of GnRH neurons
throughout the medial septum (MS), rostral preoptic area (rPOA), and anterior
hypothalamic area (AHA) of P60 male GnRH"** and GnRH™™® mice (n = 3 ani-
mals for each genotype). Note there is no significant difference in the number of
GNRH neurons in any region between GnRH™* and GnRH"™" mice. Values are
expressed as mean + SEM.

crossed with transgenic mice expressing Cre recombinase under
the control of the GnRH promoter (35). These mice also carried
the GnRH::GFP transgene to allow identification and analysis
of GnRH neurons. GnRH expression begins during embryonic
development and is detected as early as E11.5 (36). Control ani-
mals were heterozygous for a wild-type (wt) and floxed (flox) Ift88
allele (Ift88""**) and positive for GnRH::Cre and GnRH::GFP.
Experimental animals were heterozygous for a floxed and deleted
(null) If:88 allele (If:88"™") and positive for GnRH::Cre and
GnRH::GFP. Thus, in response to prenatal Cre expression, cilia
on GnRH neurons would be unaffected in control animals
(GnRH®""**") due to the presence of the wild-type allele but lost in
experimental animals (GnRH®"™). Kisslr labeling of brain slices
from P60 mice confirmed that GnRH* animals possessed an
equivalent number and distribution of Kisslr-positive cilia on
GnRH neurons to wild-type GnRH::GFP animals (Fig. 3C). Thus,
loss of one Ift88 allele does not impact cilia on GnRH neurons. PO
GnRH“"™ mice rarely possessed Kisslr-positive cilia (Fig. S34),
whereas P60 GnRH"™" mice showed a complete lack of Kisslr-
positive cilia (Fig. 3C and Fig. S3 B and C), suggesting depletion of
Ift88 in GnRH neurons effectively ablates cilia. Quantification of
the number of GFP-positive neurons by region at PO (Fig. S3D),
when GnRH neurons are still migrating (37), and P60 (Fig. 3D),
after migration is complete, was not significantly different between
GnRH "+ and GnRH" animals, indicating that GnRH neuron
survival and/or migration is not affected by loss of cilia on
these neurons.

Koemeter-Cox et al.

To test whether loss of Kisslr-positive cilia on GnRH neurons
causes defects in sexual maturation in mice, we quantified sex
organ weights and day of vaginal opening, a measure of puberty
onset in female mice. None of these measures was significantly
different between GnRH'™* and GnRH""" animals (Table S2).
Furthermore, histological analysis revealed mature sperm in the
testes and seminiferous tubules of adult GnRH®""* males (Fig. 4
A and B) and follicles in all stages of development in the ovaries
of adult GnRH®"™ females (Fig. 4 C and D). Estrous cycle
tracking in GnRH'"** and GnRH!'*" females revealed no ob-
vious differences in cycling between the two groups (Fig. 4E).
Finally, male and female GnRH! mice were fertile and gen-
erated normal numbers and litter sizes. These results indicate
that cilia on GnRH neurons are not required for reproductive
function in mice.

GnRH Cilia are Required for Proper Kissir-Mediated Signaling. Be-
cause Kisslr is normally targeted to and enriched within GnRH
cilia, we then asked whether loss of cilia affects Kiss1r signaling.
Application of the Kiss1r ligand, kisspeptin, increases the action
potential firing rate of GnRH neurons (38) and this response is
absent in GnRH neurons lacking Kisslr (39). Thus, we per-
formed extracellular loose-cell attached patch-clamp recording
on acute sagittal brain slices from adult male and female GnRH"*
and GnRH®"™ animals. The female mice were ovariectomized to
reduce potential variability from the estrous cycle. There was no
difference in the baseline firing rate of GnRH neurons between
male or female GnRH"* and GnRH""" mice (Fig. 5 4 and B)
and application of 100 nM kisspeptin resulted in an increase in
firing rate in the vast majority of GnRH neurons, consistent with
previous_results (38). Interestingly, GnRH neurons from male
GnRH“"™ mice showed a significantly reduced kisspeptin-medi-
ated increase in firing rate than GnRH neurons in GnRH"#*
animals (Fig. 5C). The kisspeptin-mediated increase in firing rate
was also reduced in GnRH neurons of female GnRH®"™ mice
compared with GnRH""** mice, but this difference was not sta-
tistically significant (Fig. 5D). To confirm that the decreased
responsiveness to kisspeptin in male GnRH®""*" mice was not
attributable to a decrease in Kisslr expression, we performed
real-time PCR analysis of hypothalamic RNA from adult male
GnRH "+ and GnRH®""* mice and found that Kisslr was ex-
pressed at equivalent levels in both genotypes (Fig. S4). We also
observed an equivalent kisspeptin-induced induction of Fos ex-
pression, a response that is mediated by KissIr (40), in GnRH“"**
and GnRH“™ male mice (Fig. S5). Together, our results suggest
that in the absence of cilia Kiss1r is present and functional on the

Fig. 4. GnRH cilia are dispensable for sexual maturation in male and female
mice. (A and B) Representative testis (Left) and seminiferous tubule (Right)
sections from P60 GnRH""* (A) and GnRH """ (B) mice (n = 3 animals for
each genotype) shows the presence of mature sperm in both genotypes.
(C and D) Representative ovary section from P60 GnRH"@* (C) and GnRH<"1>-
(D) mice (n = 3 animals for each genotype) shows the presence of follicles at
all stages of development. (Scale bars: 100 um.) (E) Vaginal cytology of P60
GnRH 2+ and GnRH"™® mice show all stages of estrous cyclicity. C, cornified
(estrous); L, leukocytic (metestrous and diestrous); N, nucleated (proestrous).
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Fig. 5. GnRH cilia are required for proper Kiss1r signaling. Basal firing rates
of GnRH neurons from adult male (A) and ovariectomized female (B)
GnRH"®* and GnRH"™" mice. Note there is no significant difference in the
basal firing rates between GnRH"@* and GnRH* mice. Percentage in-
crease in the firing rate of GnRH neurons after kisspeptin treatment in adult
male (C) and ovariectomized female (D) GNnRH"** and GnRH @ mice. Note
the increase in firing rate is significantly lower in male GnRH"® mice
compared with GnRH @ mice. Values are expressed as mean + SEM. For
males n = 10-13 neurons from 4 to 7 animals of each genotype. For females
n =9 neurons from 4 to 5 animals of each genotype. *Significantly different
from GnRH "2+ percentage (P = 0.02).

cell surface but cilia on GnRH neurons enhance kisspeptin-medi-
ated Kisslr signaling.

Discussion

Our results show that GnRH neurons possess cilia, which are
enriched for Kisslr. There are several theories regarding the
possible functions of cilia on adult central neurons. Because cilia
are enriched for signaling proteins, they may well function as
sensory organelles. However, a direct role for cilia in neuronal
signaling has not been observed. Here, we demonstrate that loss
of Kisslr-positive cilia on GnRH neurons causes a reduction in
the response of GnRH neurons to kisspeptin in male mice, in-
dicating that cilia enhance Kisslr signaling. To our knowledge,
this is the first demonstration that cilia play a role in GPCR
signaling in central neurons. What is the role of cilia in Kisslr
signaling? One possibility is that Kisslr normally signals on the
ciliary membrane and ciliary localization concentrates the re-
ceptors to optimize ligand binding and signal propagation. There
is evidence for both synaptic (41, 42) and volume (43) trans-
mission of kisspeptin to GnRH neurons. Ciliary response to li-
gand should be involved in volume transmission as cilia project
from the cell body and synaptic contacts have never been ob-
served on neuronal cilia. Enriching and concentrating receptors
in multiple long cilia protruding from the same neuron could
thus increase the efficacy of kisspeptin binding in the extracel-
lular space and enhance volume transmission. This model
would be analogous to olfactory sensory neurons that project
multiple primary cilia into the olfactory epithelium, which
increases the sensory surface and the ability to detect and re-
spond to odorants (44). Another possibility is that the signal
generated by Kisslr on the ciliary membrane is qualitatively
different from the signal generated on the plasma membrane.
The expression of Kisslr on cilia may generate a unique signal
based on coupling to different signaling transduction pathways
and/or regulation of these signaling cascades. Loss of this signal
may affect the overall response to kisspeptin. Alternatively,
Kisslr may not directly signal on the ciliary membrane, but
rather, the cilium may act as a reservoir for the receptor and
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facilitate signaling. Regardless of the mechanisms, our results
show that cilia are necessary for normal Kisslr signaling on
GnRH neurons.

We also demonstrate that GnRH neurons possess multiple
Kisslr-positive cilia and the proportion of multiciliated GnRH
neurons increases over pubertal maturation. Because GnRH
neurons become more responsive to the effects of kisspeptin
over development (45), we suggest that the increase in Kisslr-
positive cilia per neuron may contribute to this process. Our
results also show that ablation of cilia on GnRH neurons affects
neither puberty nor adult reproductive function in mice; this is
perhaps not surprising, because there is incredible redundancy in
the Kissl signaling pathway in the brain, which supports re-
productive function with only minute quantities of Kiss1 activity
(46). In addition, there is evidence for Kisslr signaling at the
nerve terminals (47), which could overcome the loss of Kisslr
ciliary signaling. Given that GnRH release is a function of firing
rate, we suggest that ablation of cilia at the cell body leads to
a reduction in GnRH release at the nerve terminals but not
below the threshold for sexual maturation.

We also demonstrate that cilia are not required for GnRH
neuron migration. GnRH neurons originate in the olfactory
placode/vomeronasal organ and migrate into the hypothalamus.
This migration and targeting is a highly orchestrated process
requiring a variety of factors and disruption of GnRH neuron
migration is associated with deficits in reproductive function
(48). Cilia have recently been shown to influence migration of
interneurons of the developing cerebral cortex (49) and neurons
migrating from the medial ganglionic eminence (50). We did not
observe any alterations in either the number or location of GnRH
neurons in newborn or adult GnRH®'™ mice, suggesting that cilia
are not necessary for developmental migration of these cells.

Conditional disruption of If#88 is a well established method for
ablating cilia in a cell-type-specific manner (51) and has been
effectively used to disrupt cilia on central neurons (32-34). Al-
though we saw a complete lack of Kisslr-positive cilia in adult
GnRH"" mice, the fact that GnRH neurons are not positive for
any canonical ciliary markers prevented us from validating the
loss of cilia structure. Thus, it is feasible that disrupting Ift88 in
GnRH neurons prevents Kisslr ciliary localization without af-
fecting cilia structure. Regardless, our results suggest that Kisslr
ciliary localization is necessary for proper kisspeptin-mediated
signaling in male mice. It is also possible that loss of Ift88 has
additional functional consequences that impact GnRH neuronal
firing. However, it should be noted that the baseline firing rate
was the same in GnRH"™* and GnRH®"®" neurons.

There are other possible links between cilia function and re-
productive maturation. Hypogonadotropic hypogonadism is a
typical clinical feature of Bardet-Biedl syndrome, a human cili-
opathy. Another putative link is suggested by the finding that
WDRI11, which is mutated in patients with hypogonadotropic
hypogonadism (52), is present within primary cilia (53). How-
ever, our results indicate that disruption of GnRH neuronal cilia
structure is not sufficient to prevent normal sexual maturation in
mice. It is conceivable that differences among species account for
the discordant results; however, another possibility is that hypo-
gonadotropic hypogonadism in humans with BBS reflects ciliary
dysfunction on either multiple neuronal subtypes or other non-
neuronal cells within the reproductive circuit. Alternatively, BBS
and WDRI11 proteins may have additional nonciliary functions
that are required for reproductive maturation and function.

In summary, we have shown that Kiss1r is enriched in cilia on
GnRH neurons, thereby implicating neuronal cilia in kisspeptin
signaling and reproduction. We also demonstrate that disruption
of cilia on GnRH neurons reduces Kisslr signaling, indicating
that cilia enhance Kisslr signaling. Thus, cilia are likely to play
a broad, hitherto unappreciated, role in the function of the brain.
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Materials and Methods

Plasmid Construction. The coding sequence for Kiss1r was amplified from
cDNA generated from reverse-transcribed mouse whole brain RNA using the
SuperScript First-Strand Synthesis RT-PCR kit (Invitrogen). The coding se-
quence was then cloned into the TA cloning vector pSTBlue-1 (Novagen), with
primers at the C- and N-terminal regions designed for directional cloning. The
Kiss1r construct was then subcloned into pEGFP-N (Clontech). All DNA con-
structs were sequence verified at the Nucleic Acid Shared Resource at Ohio
State’s Comprehensive Cancer Center.

Cell Culture and Transient Transfections. IMCD-3 cells (ATCC) were maintained
in DMEM:F12 media supplemented with 10% (vol/vol) FBS, 1.2 g/L of sodium
bicarbonate, and 0.5 mM sodium pyruvate (Invitrogen). Cells (n = 5 x 10°)
were electroporated with 10 pg DNA and plated at high density on glass
coverslips. Cells were refed 16-18 h after transfection and harvested at 48 h
after transfection by fixation in 4% (wt/vol) paraformaldehyde.

Mice and Tissue Preparation. All animal procedures described are in accor-
dance with institutional guidelines based on National Institutes of Health
Standards, and were performed with Institutional Animal Care and Use
Committee approval at the Ohio State University, University of California at
San Diego, and the University of Alabama at Birmingham. All animals were
maintained in a temperature and humidity controlled vivarium with 12 h
light/dark cycle and given access to food and water ad libitum. Littermates
were group housed by sex, no more than five to a cage, after weaning.
Cilia®™ mice expressed Sstr3:EGFP systemically (27). GnRH::GFP mice were
a gift of Suzanne M. Moenter (University of Michigan, Ann Arbor, MI).
GnRH:Cre mice were a gift of Catherine Dulac (Harvard University, Cam-
bridge, MA). PO and P5 mice were anesthetized via isoflurane vapors and
then decapitated. The brains were fixed 16-18h at 4 °C in 4% (wt/vol)
paraformaldehyde in 0.1 M phosphate buffer and cryoprotected in 30% (wt/vol)
sucrose at 4 °C for at least 24 h. Brains from P20 and older mice were isolated
and processed as described (13), with the exception that the mice were
perfused and tissue was fixed with 4% (wt/vol) paraformaldehyde in 0.1 M
phosphate buffer. All brains were sectioned on a freezing microtome at 60
microns. Ovaries and testes were collected from animals after perfusion,
postfixed overnight at 4 °C in 4% (wt/vol) paraformaldehyde, and cry-
oprotected in 30% (wt/vol) sucrose. Testes and ovaries were weighed after
cryoprotection. Testes were sectioned at 5 microns and ovaries were sec-
tioned at 10 microns on a cryostat and mounted on Superfrost Plus slides
(Fisher Scientific).

Immunofluorescence. The Kiss1r antibody, an affinity purified rabbit poly-
clonal generated against amino acids 348-396 of mouse Kiss1r (Strategic
Diagnostics), was used at 1:5,000. Mouse monoclonal anti-acetylated a-tubulin
(T-6793; Sigma-Aldrich) was used at 1:1,000. Rabbit polyclonal anti-GnRH
(Thermo Scientific) was used at 1:1,000. Secondary antibodies included; Alexa
Fluor 546-conjugated goat anti-mouse IgG and Alexa Fluor 546-conjugated
goat anti-rabbit IgG (Invitrogen). Nucleic acids were stained with DRAQ5
(Axxora). Immunofluorescence procedures have been described (54). Samples
were imaged either on a Zeiss LSM 510 laser scanning confocal microscope at
the Hunt-Curtis Imaging Facility in the Department of Neuroscience at OSU or
an Andor Revolution WD spinning disk confocal imaging system at the Ohio
State University Neuroscience Center Imaging Core. On the laser scanning
confocal, z-stacks were acquired using 40x/1.3 NA and 63x/1.3 NA Oil DIC
objectives and a step size of 0.43 pm. On the spinning disk confocal, z-stacks
were acquired using a 100x/1.4 NA Plan Apo VC objective and an iXon Ultra
897 back-illuminated EMCCD camera (512 x 512 pixel array; 160 nm x 160 nm
pixels) and a step size of 0.2 um. 3D volume rendering of the image stacks was
performed in MetaMorph software using the 4D viewer. The raw images were
first processed using a 3 x 3 low pass “denoising” filter.

Neuron and Cilia Analysis. Coronal brain sections from P20, P30, and adult
animals were matched to the Franklin and Paxinos mouse atlas (55). GFP-
positive (GFP+) neurons were examined at the medial septum (MS) on plate
22, rostral preoptic area (rPOA) on plate 27, and anterior hypothalamic area
(AHA) on plate 32. Sections for PO and P5 animals were matched to plates 9
and 10 of the coronal gestation day (GD) 18 atlas from the Schambra, Lauder
and Silver prenatal mouse brain atlas (56). For each animal, two sections
corresponding to the MS, rPOA, and AHA were analyzed. The number of
GFP+ neurons in each region was averaged across animals to calculate the
mean and SE. The number of GFP+ neurons in a particular region was de-
termined by examination under the 20x objective. Once this number was
recorded, the same region was examined under the 40x objective. Each GFP+
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neuron was centered under the objective, and the filter set was switched to
the 546 wavelength. If a Kiss1r-positive cilium emanated from the same area
as the GFP+ cell body, it was considered positive for a Kiss1r cilium. If more
than one cilium emanated from a single GFP+ cell body, the neuron was
considered multiciliated. The number of ciliated GFP+ neurons was counted
using a manual cell counter. The percentage of ciliated GnRH neurons was
calculated by dividing the number of GFP+ neurons possessing one or more
cilium by the total number of GFP+ neurons and multiplying by 100. The
percentage of multiciliated GnRH neurons was calculated by dividing the
number of GFP+ neurons possessing multiple cilia by the number of ciliated
GFP+ neurons and multiplying by 100. Statistical analysis was performed us-
ing Graphpad Prism (Graphpad Software). Analysis of the percentages of
GnRH neurons possessing Kiss1r-positive cilia across age and sex was per-
formed using ANOVA with post hoc tukey test for multiple comparisons.
Analysis of the percentages of GnRH neurons possessing Kiss1r-positive cilia
between genotypes was performed using Student t test. A P value < 0.05 was
considered significant.

Histology. Hematoxylin/eosin staining of testes and ovaries sections was
performed according to the manufacturer’s instructions (BBC Biochemical)
kit directions. Stained sections were mounted with Permount (Fisher Scien-
tific) and imaged on a Zeiss LSM 510 laser scanning confocal microscope
using an Axiocam and Axiocam software.

Vaginal Opening and Estrous Cycle Determination. Time of vaginal opening
was determined by daily inspection of mice between 9 and 11:00 AM from
P20 onward. Estrous cycle samples were collected daily between 9 and 11:00
AM from group housed animals via vaginal flush with 1x PBS. Samples were
deposited on Superfrost Plus slides, allowed to dry and stained with a Kwik-
Diff kit (Thermo Scientific) according to the manufacturer’s instructions. Slides
were allowed to dry and examined on a Zeiss Axioskop 2 MOT light micro-
scope by an individual blinded to the genotypes of the animals. Criteria for the
different phases of the estrous cycle have been described previously (57).

Slice Preparation for Electrophysiology. Procedures were adapted from
a previous study (58). Briefly, adult mice (age 6-7 wk) were euthanized by
decapitation, and whole brains were removed and immediately submerged
in ice cold high-sucrose extracellular solution for 3 min [208 mM sucrose,
2 mM KCl, 26 mM NaHCOs3, 10 mM glucose, 1.25 mM NaH,PO,4, 2 mM MgSO,,
1 mM MgdCl,, 10 mM Hepes, oxygenated (95% O, 5% CO,), pH 7.4]. Cere-
bellar tissue was then removed, and 250 micron sagittal slices were cut from
the tissue block containing the diagonal band of the preoptical area (DB-
POA) using a manual advance vibroslicer (World Precision Instruments) in ice
cold high-sucrose extracellular solution (oxygenated). Slices were immediately
transferred upon isolation to an auxiliary chamber containing artificial CSF
(aCSF) at 25 °C for 1.5-3.5 h before use in electrophysiology experiments
[aCSF: 124 mM Nacl, 5 mM KCl, 2.6 mM NaH,PO,4, 2 mM MgCl,, 2 mM CaCl,,
26 mM NaHCOs3, 10 mM Hepes, 10 mM glucose, oxygenated (95% O,, 5%
CO,), pH 7.4].

Electrophysiology Recording and Data Analysis. Individual GnRH neurons in
tissue slices were visually selected for recording by positive detection of GFP
expression (Nikon eclipseE600FN epifluorescence microscope with 40x water-
immersed objective). Loose cell-attached patch configuration in current-
clamp mode (/ = 0) was used to record extracellular action potential firing of
the selected GnRH neurons. Recording pipettes with 2.5-4.0 MQ (bath re-
sistance) were filled with aCSF. At time of recording, seal resistance was
between 18-100 MQ. Recordings were obtained using an EPC10 amplifier
(HEKA) with Patchmaster software (HEKA); the sampling frequency was
5 kHz. Artificial CSF (25 °C) was oxygenated with 95% O,, 5% CO, and
perfused over slices at rate of 1.4 mL/min with a peristaltic pump (Peri-Star
Pro World Precision Instruments). Basal firing rate was recorded for at least
3 min before treatment with 100 nM KiSS (112-121) Amide (Phoenix Phar-
maceuticals) in aCSF for 4.5 min. Data were analyzed with Clampfit 9.2
software (Axon), and average firing rate was determined from the action
potential events per time for each condition. “% Change in Firing Rate” was
determined from the difference in average firing rates with peptide nor-
malized to the average basal firing rate for each cell. Statistical significance
was assessed with a two-tailed T test (unpaired data), a P value < 0.05 was
considered significant.
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